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Abstract 
The structure of interest is a thin, metallic coating of fcc copper, of thickness of a few nanometers only, resting on a much stiffer 
substrate. The elastic and plastic properties of the thin coating is investigated for three different crystallographic orientations for 
two different coating thicknesses using nanoindentation. The force-displacement curve and the atomic arrangement are monitored 
during the indentation process and the precise conditions for the occurrence of so called pop-ins during loading and pop-outs 
during unloading are investigated. To simulate the nanoindentation process, a molecular dynamics approach is used, where an 
infinitely stiff spherical indenter is pushed into the coating under displacement control. The coating is modeled as a thin 
rectangular plate, with the bottom atom layers locked from movement in all directions, simulating the much stiffer substrate, and 
periodic boundary conditions are applied in the plane of the plate, simulating an infinitely large plate. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
The impact on every-day technology from the progresses within manufacturing of nanosized devices is 
increasingly important and over the last years nanotechnology has entered as a natural part into a wide range of areas 
of applications such as medical sensors and nanoelectromechanical systems, NEMS. A frequently occurring part of a 
nanodevice is a nanometer thin coating resting on a stiffer substrate, with coating properties determined at the atomic 
level. 
_______ 
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The mechanical properties of nanosized structures are well known to differ from macroscopic components due to 
factors such as a low dislocation density, a high ratio of number of surface-to-bulk atoms, and a pronounced 
influence from crystal orientation; cf. e.g. Olsson et al. (2007) or Cuenot et al. (2004). These factors are especially 
important for thin surface coatings, at the nanometer scale, resting at a relatively thick substrate, cf. Olsson and 
Melin (2008) or Hommel and Kraft (2001).  
Nanoindentation is one of few ways to study and determine the surface-close properties of a material on the 
nanoscale and the technique corresponds to traditional indentation tests at the macroscopic scale, such as Brinell 
hardness testing. During a nanoindentation test typically a force-displacement (P-δ) curve is registered, covering 
both the loading and the unloading part of the test. For thin enough coatings, or at large enough indentation depths, 
the (P-δ) curve can show some irregularities during loading, so called pop-ins, see e.g. Schuh and Nieh (2003). 
Under such an event the load suddenly drops or stays constant, for a short period of time, with increasing indentation 
depth under displacement control. Pop-in events are thought to signal dislocation movements due to different slip 
events or to sudden crack nucleation. Similar events can also occur during the unloading part of the test, called pop-
outs. 
In this paper the influence on the elastic and plastic properties of a thin coating due to different crystallographic 
orientations will be investigated for two different coating thicknesses. The presence of pop-ins and pop-outs for 
different geometries of the coating will also be investigated as well as what happens in the material at such events. 
2. Statement of the problem 
2.1. Model geometry 
The problem of interest consists of nanoindentation, cf. Fig. 1. Here a spherical indenter with radius R=20 unit 
cells (uc), is used and pushed into a thin copper coating of with W=80uc and thickness t=10, 20 uc. The coating is 
assumed to be resting on an infinitely stiff substrate. In this paper three different crystallographic orientations of the 
copper coating will be considered for two different coating thicknesses. The thin copper coating has a face centred 
cubic structure (fcc) and the crystallographic directions of the coating are chosen such that the (x,y,z) directions, cf. 
Fig. 1, coincides with the [100], [010], [001] directions, the [100], [011], [0-11] or the [1-10], [111], [-1-12] 
directions in the material.  
 
2.2. Molecular dynamics 
To simulate the nanoindentation process a 3D molecular dynamics approach has been adopted, using the open-
source code LAMMPS (http://lammps.sandia.gov). The thin copper coating is simulated using an EAM-potential, 
consisting of one pair-wise repulsive part and one N-body attractive part with specific cut-off radii, described in 
Holian and Ravelo (1995). The potential energy, Ei, of atom i is given by Eq. (1). 
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Fig. 1. Schematic description of nanoindentation 
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where rij is the distance between atoms i and j, IDE  is a pair-wise potential function, UE is the contribution to the 
electron charge density from atom j of type Eat the location of atom i, and Fα is an embedding function that 
represents the energy required to place atom i of type D into the electron cloud. To simulate an infinitely stiff 
substrate, the bottom atomic layers of the coating have been restricted from movement in all directions. Further, to 
simulate a large plate, periodic boundary conditions have been employed in the x- and z-directions, cf. Fig.1, thus 
simulating an infinitely large plate. The indenter is modeled as infinitely stiff using the, in LAMMPS, built in 
function “indent”, cf. the LAMMPS manual, preventing the substrate atoms to pass the surface of the indenter. The 
indenter is in a stepwise manner forced into the coating under displacement control after an initial relaxation of the 
coating. After each new displacement step of the indenter, the atoms are again relaxed to find their new correct 
equilibrium positions and the required force, P, on the indenter is calculated. The same procedure is used during 
unloading, by stepwise removing the indenter. The simulations have been performed at constant temperature 
T=300K, using an NVT ensemble, with a Nose-Hoover thermostat. The details about the used simulation parameters 
are seen in Table 1. 
Table 1. Simulation parameters, uc denotes unit cell. 
Relaxation steps 10000 Temperature, T 300 K 
Time step 0.001 ps Lattice parameter, a0 3.615 Å 
Indenter velocity 18.075 m/s Indentation steps 80 
Maximum indentation depth, h 4uc   
3. Results 
To determine the influence of the crystallographic orientation of the coating for the two different coating 
thicknesses, six different simulations have been performed, summarized in Table 2. 
Table 2. Geometrical data for the six different geometries. 
Simulation geometry A B C D E F 
Coating thickness, t 10uc 20uc 10uc 20uc 10uc 20uc 
Number of atoms 268800 524800 264480 519840 264420 514150 
Loading direction , y [010] [010] [011] [011] [111] [111] 
3.1. Force versus displacement curve 
During the indentation process the indentation depth and force on the indenter is calculated continuously. This 
results in the (P-δ) curves presented in Fig. 2 for t=20uc and in Fig. 3 for t=10uc. The three curves for different 
coating orientations are compared to the Herzian solution for an elastic coating with Young’s modulus E=120GPa 
and poisons ratio v=0.35 and an infinitely stiff indenter with radius R, calculated from Eq. (2) cf. Johnsson (1985). 
This curve is also included in Fig. 2 and Fig. 3. 
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From Fig.2 it can be seen that all three orientations show similar behavior. This is somewhat surprising due to the 
large difference in stiffness  in different crystallographic orientations found by Liang et al (2006), among others 
during tension. This can probably be explained by the mixed stress state that occurs during indentation as compared 
to a pure tensile test. One can also see that the coating oriented in the [111] direction has the stiffest elastic response 
and that the coating in the [010] orientation is the least stiff of the three, when compared to the Herzian solution. In 
previous work by Hansson and Jansson (2013) it was found that the first part of the loading is purely elastic until a 
larger deviation from the Herzian curve occurs and so called pop-ins are formed. This sudden drop in the (P-δ) 
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curve indicates the onset of plasticity and occurs for large indentation depths. It can be seen that pop-ins first occur 
of about the same indentation depth of δ=1.2nm for all three orientations. Similar trends regarding stiffness and 
plasticity have also been observed by Ziegenhain et. al. (2009). During unloading one can see that it is only the 
[111] direction that shows any sign of pop-out in the latest stages of the unloading. This appears when the applied 
force is almost zero. In in all three cases large remaining deformation is observed after the indenter is fully removed, 
more details are given in Hansson and Jansson (2013).  
 
 
 
 
 
 
Fig. 3. Force versus indentation depth for simulations A, C and E with thickness t=10uc. 
From Fig.3 it can be seen that all three orientations also show similar behavior for t=10uc. Also in this case the 
[111] direction results in the stiffest response, and the [010] orientation the least stiff elastic response. One can also 
see that the response is stiffer here than for the thicker coating. This is due to the larger influence of the locked 
bottom layers of atoms. It is also observed that the first pop-in event occurs at much lower indentation depths than in 
Fig. 2. Force versus indentation depth for simulations B, D and F with thickness t=20uc. 
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the case of t=20uc and that pop-ins first occur in the [111] direction, then in the [010] and lastly in the [011] 
direction, which was not as clearly observed for t=20uc. Also here, as in the case of the thicker coating, only the 
[111] direction shows signs of pop-outs during unloading. 
3.2. Atomic arrangement at maximum load 
It has been observed by Hansson and Jansson (2013) that large rearrangements of the crystal structure occur 
during the indentation process and it is therefore interesting to study the atomic arrangement under maximum load 
for the middle atom plane of the coating. In Fig. 4 the atomic arrangement for t=20uc is seen and in Fig. 5 for t=10uc 
for all three orientations. 
In Fig 4(a) one can clearly see that slip occurs in <110> directions, which is the closed packed direction for fcc 
crystals, with an angle of 45° to the y-axis. Slip along this direction results in large deformation in the shape of a 
cone below the indenter. In Fig 4(b) one can see that the atoms form an entirely different pattern. Also in this case 
slip occurs in <110> directions but in this case this includes one direction coinciding with the y-axis together with 
others at 45° angle, resulting in a very different pattern, with almost no deformation directly beneath the center of the 
indenter. In Fig 4(c) again slip occurs in the <110> directions, which this case makes  an angle of around 35° to the 
y-axis, resulting in a pattern somewhat similar to 4(a) but with a sharper cone. Also some slip occurs from the sides 
of the indenter, not seen in Fig 4(a). 
 
 
In Fig 5 one can see that the largely deformed region reaches all the way down to the locked atoms at the bottom 
of the coating. This results in the stiffer response seen in Fig. 2, as compared to Fig. 3. It is also found that the pile 
up of material at the rim of the indenter is much larger for the case of a thin coating. It was found that the most pile 
up occurred for case C. Similar slip patterns was observed for the thin coating, although the patterns are not as clear 
as in the case of the thicker coating, due to the influence from the locked bottom layers. A clear trend is that the 
largely deformed area is now no longer concentrated below the indenter and that slip has occurred also at the 
outsides of the indenter. This is most clearly seen by comparing Fig. 4(a) and Fig. 5(a). 
Fig. 4. Atomic positions at maximum indentation depth for simulations (a) B, (b) D and (c) F. 
[010] 
[011] 
[111] 
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4. Summary 
The crystallographic orientation of fcc copper in a nanometer thin coating strongly influences the elastic and 
plastic behavior of the coating. The orientation of [111] gave the stiffest elastic response and [010] the weakest. 
Further the level for pop-in formations were also influenced by orientation, especially for the thinnest coatings. It 
was also found that the deformation and slip patterns below the indenter was very different for the different 
orientations as a result of which slip planes that were activated in each case. This difference was most pronounced 
for the thicker coatings. 
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